The early response Ca2' mobilization, Na4-HW exchange, protein kinase C activation, or elevation in cAMP levels.
The early response to vascular injury is characterized by migration of inflammatory cells, including monocytes, and platelets to the damaged vessel wall. These inflammatory cells may serve as a source of growth factors and cytokines that stimulate vascular smooth muscle cell (VSMC) migration and proliferation associated with intimal hyperplasia. JE is a plateletderived growth factor (PDGF)-inducible "early" gene that encodes a monocyte chemoattractant and, as such, could play an important role in inflammation. We now report that JE mRNA levels are increased in intact aorta after balloon injury. The time course of this increase, with maximal levels at 4 hours, is similar to that seen in PDGF-treated cultured rat aortic VSMCs. The accumulation ofJE mRNA in cultured VSMCs is accompanied by a marked increase in the secretion ofJE protein. The elevation ofJE mRNA levels in VSMCs shows specificity for PDGF, because angiotensin II, amthrombin, and epidermal growth factor fail to increase JE mRNA levels. In contrast to 3T3 fibroblasts, the accumulation of JE mRNA in VSMCs in response to PDGF is predominantly due to an increase in JE mRNA stability. The accumulation of JE mRNA in VSMCs stimulated by PDGF appears to occur via a novel pathway(s) independent of Ca2' mobilization, Na4-HW exchange, protein kinase C activation, or elevation in cAMP levels.
These findings suggest that VSMCs may take part in the early inflammatory response after injury through the production of JE, a potent monocyte chemoattractant. Finally, our data suggest thatJE may be a marker for PDGF-specific effects on VSMCs, both in vitro and in vivo. Thus, in addition to direct effects on VSMC growth and migration, PDGF may play a role in the early inflammatory response after vascular injury by inducing chemoattractants, such as that encoded by JE. (Circulation Research 1992; 70:314-325) T he response to vascular injury is characterized by an early inflammatory reaction involving migration of circulating white blood cells and platelets to the site of damage. The early response is followed by migration of vascular smooth muscle cells (VSMCs) from the media to the intima. This VSMC migration and subsequent proliferation are major factors in the intimal hyperplasia seen both in experimental models of vessel injury and in restenosis after balloon angioplasty of the coronary arteries. Although its role in vascular injury has not been clearly established, PDGF has been implicated particularly in the migration of VSMCs into the intima. 12 In addition to PDGF, a variety of other agents, most notably fibroblast growth factor, vasoconstrictor hormones, such as angiotensin II (Ang II), and clotting factors, such as a-thrombin, have been implicated in the response of the blood vessel to injury.1 '45 To elucidate some of the molecular mechanisms underlying the response of the vessel wall to injury, we have examined the expression of a number of PDGF-inducible genes both in vivo and in cultured VSMCs. JE is one of the most abundant mRNAs induced by PDGF in fibroblasts, with several thousand copies of JE mRNA per cell accumulating within 2 hours of induction.13 In general, JE is not expressed in quiescent growth-arrested cells and is induced by exposure to a variety of mitogens and growth factors.14-1"Activation of JE appears to involve different transmembrane signals from those that activate c-fos and c-myc, and JE is not coordinately regulated with these genes.18-'9 The JE gene encodes a low molecular weight glycoprotein20'21 whose amino acid sequence is homologous to that of a monocyte-specific chemotactic factor, referred to as MCP-122,23 or MCAF. 24, 25 At least one function of the JE protein is that of a monocyte chemoattractant.21 JE thus serves as a marker for the "early" response to PDGF and may play a critical role in attracting monocytes to sites of inflammation or injury.
We now report that levels of JE mRNA increase rapidly in intact aorta after balloon injury with a time course similar to that seen in VSMC culture after treatment with PDGF. The accumulation of JE mRNA in VSMCs in response to PDGF is different from that reported for 3T3 fibroblasts, in that it is predominantly due to an increase in JE mRNA stability rather than transcription. In addition, the elevation of JE mRNA levels in VSMCs shows specificity for PDGF: Ang II, a-thrombin, and epidermal growth factor, all of which induce other early genes, fail to elevate JE mRNA levels. The accumulation of JE mRNA in rat aortic VSMCs in response to PDGF appears to occur via a novel pathway(s) independent of Ca 2 mobilization, Na+-H+ exchange, protein kinase C activation, or elevation in cAMP levels. JE may thus serve as an important tool for elucidating PDGF-specific pathway(s) in VSMCs. 
Cell Culture
VSMCs were isolated from the thoracic aortas of 200-300-g male Sprague-Dawley rats by enzymatic dissociation as previously described.26 Cells were grown in Dulbecco's modified Eagle's medium (DME) supplemented with 10% heat-inactivated calf serum, 100 units/ml penicillin, and 100 ,gg/ml streptomycin and serially passaged before reaching confluence. Aortic VSMCs modulate from a contractile to a more fibroblast-like growth phenotype during multiple passaging in culture.27 '28 This change in phenotype is associated with a loss of actin-myosin filaments as well as a marked decrease in the expression of smooth muscle a-actin mRNA. 29 The rapidity and extent of these phenotypic changes appears to vary somewhat with the method used to isolate VSMCs. Thus, Owens and colleagues30-32 have shown that, by modifying the isolation procedures, VSMC cultures can be produced that maintain relatively high levels of a-actin and myosin heavy chain expression through multiple subculture passages. The VSMCs used for this study were prepared using similar methods. To confirm that they behaved like differentiated VSMCs, Northern blots from representative passages were hybridized with a probe encoding the 3' untranslated end of rat smooth muscle a-actin (gift of Gary K. Owens, University of Virginia School of Medicine, Charlottesville). The VSMCs expressed smooth muscle a-actin as well as mRNA, encoding smooth muscle a-tropomyosin for up to 15 4 pzg poly(A)+ RNA, purified by oligo(dT)-cellulose chromatography,39 was used instead of total RNA. Transfer to nitrocellulose and hybridization to [32P]-labeled DNA were as described. 35 Prehybridization and hybridization were performed at 42°C. Final washes for all blots were in 0.1 x standard saline citrate (SSC) (1 x SSC contains 0.15 M NaCl and 0.015 M sodium citrate, pH 7) and 0.1% sodium dodecyl sulfate (SDS) at 65°C for 1 hour. JE, a 650-base pair (bp) EcoRI fragment of pcJE-1,20 was nick-translated to a specific activity of >108 cpm/,tg and used at 3X 106 cpm/ml. A 4.5-kilobase pair BamHI/HindIII fragment of mouse plasmid pc-fos-340 was labeled by random oligomer priming. As a control, filters were also hybridized with cDNA encoding a myosin regulatory light chain (MLC) isolated from rat aortic VSMCs.41 MLC mRNA is constitutively expressed in VSMCs, and levels were the same in all lanes (not shown). In some experiments, rat glyceraldehyde-3-phosphate-dehydrogenase (GAPDH42) was used as a control instead of MLC (indicated in the text or figure legends). To quantify levels of JE mRNA, samples were scanned with an LKB Ultroscan XL densitometer, and the area under the appropriate peaks was calculated.
Nuclear Runoff
Nuclear runoff transcription analysis was performed as described by Groudine et a143 with modifications. Quiescent cells (5 x 107 per sample) were stimulated as described in the text. At 40 minutes, the cells were rinsed in phosphate-buffered saline, lysed in 0.5% Nonidet P-40 solution, and harvested by centrifugation. Runoff reactions were performed at room temperature for 30 minutes with [32P]UTP. The nuclei were treated with DNase I, added to a solution of 4 M guanidinium isothiocyanate, layered on a 5.7-M CsCl cushion, and centrifuged at 40,000 rpm for 18 hours. The labeled RNA was hybridized at 65°C to nitrocellulose filters on which 10 ,ug linearized, denatured plasmid DNAs had been blotted. Blots were washed at 68°C in 0.1 x SSC. The same number of total counts per minute were hybridized to each filter. In addition to pcJE-1, each blot contained MLC plasmid (see above) and the pGEM vector as positive and negative controls, respectively. To verify that pcJE-1 identified a single mRNA species under the hybridization and wash conditions used in these assays, an RNA blot containing quiescent and PDGF-stimulated VSMCs was hybridized to 32P-labeled JE cDNA under identical conditions ( Figure 1 ). To quantify levels of JE transcript, samples were scanned as described above. (Figure 1 ). VSMCs constitutively expressed JE mRNA ( Figure 2A) ; the levels varied with both the degree of confluence and the time maintained at quiescence. Thus, the levels of JE mRNA in VSMCs incubated for 24 and 48 hours in 0.5% calf serum were 152+6% and 131+7%, respectively, of those measured in cells quiescent for 72 hours (n=3). In addition, the levels of JE mRNA in cells made quiescent at 50% confluence were 156+12% of those at 90% confluence (n=3). Accordingly, most of the experiments were done on cells made quiescent for 72 hours at 90% confluence (e.g., . This produced reproducibly low levels of constitutive expression of JE mRNA. Regardless of the protocol used for inducing quiescence, the magnitude of the effects seen with PDGF or Ang II was not altered (see below).
When quiescent VSMCs were exposed to PDGF (10 ng/ml recombinant c-sis, Amgen), there was a rapid accumulation of JE mRNA above the constitutive (control) levels, beginning at -1 hour, peaking at 2-4 hours, and remaining elevated for as much as 9 hours (Figure 2A Figure 2B ). In addition, neither insulin (25 ,pM) nor epidermal growth factor (300 ng/ml, Amgen) increased JE mRNA levels in VSMCs ( Figure 2B ). Under these conditions, Ang II, a-thrombin, and PDGF (same doses) induced similar levels of c-fos mRNA at To evaluate the contribution of mRNA stability to JE accumulation, levels were measured in the presence of the transcription inhibitor actinomycin D (10 ,tM). As shown in Figure 4A , there was a rapid decay of JE mRNA in the presence of actinomycin D and 0.5% calf serum (closed circles). Addition of 10% calf serum for 2 hours before and during treatment with actinomycin D markedly prolonged the decay of JE mRNA (squares). However, when serum-stimulated cells were switched back to 0.5% calf serum concomitant with actinomycin D treatment, the decay in JE mRNA levels was virtually identical to that of unstimulated cells (open circles). Thus, the prolongation of JE mRNA half-life required persistent exposure to 10% serum. The slopes of the linear regression lines for JE mRNA in 0.5% serum and 10% serum were -1.33±0.16 and -0.33±0.10 hr-1 (p<0.001), corresponding to half-lives of 0.5 and 2.1 hours, respectively (data pooled from both sets of curves). As shown in Figure 4B , similar to 10% calf serum, both PDGF (20 ng/ml c-sis, squares) and Ang II (10' M, circles) markedly prolonged the half-life of JE mRNA. As was the case in Figure 4A , identical results were obtained whether cells were treated with actinomycin D and either PDGF or Ang II while quiescent (maintained in 0.5% calf serum for 48 hours and during treatment, closed squares and circles) or after a 2-hour stimulation with 10% calf serum (open squares and circles). Accordingly, the linear regression curves shown in Figure 4B were generated from pooled data. Differential Effects of PDGF and Ang II on JE Protein Secretion Previous studies in fibroblasts20,21 have demonstrated that JE protein is largely secreted into the culture medium. To determine whether VSMCs secrete JE protein, quiescent VSMCs were incubated for 4 hours with [35S]methionine, and radiolabeled JE precipitated with specific antibody was examined by SDS-polyacrylamide gel electrophoresis. Quiescent VSMCs constitutively secreted JE into the culture medium ( Figure 5 , lane 1). Ang 11 (10-7 M) had little effect on the level of newly synthesized JE protein secreted by VSMCs ( Figure 5, lane 2) . In contrast, PDGF (20 ng/ml) caused a marked increase in the secretion of JE protein ( Figure 5, lane 3) Induction of JE in Intact Aorta As noted above, the migration of monocytes to the vessel wall is part of the early inflammatory response to injury. Because levels of JE mRNA and protein increase in VSMCs in response to PDGF and JE are implicated in migration of monocytes, the expression of JE mRNA in response to vascular injury was examined. As shown in Figure 6 , levels of JE mRNA were barely detectable in normal rabbit aorta (time 0). Significant amounts of JE mRNA began to accumulate between 1 and 4 hours after balloon injury and returned to baseline by 8 hours. Levels of E mRNA were maximal at 4 hours, averaging a 3.8±+1.2-fold increase over control (n=3, normalized to GAPDH mRNA levels). As determined by light microscopy, the extent of injury used for these studies completely denuded the vessel of endothelial cells (data not shown). In addition, the adventitia was removed during tissue processing, and the increase in JE mRNA levels preceded the recruitment of bloodborne inflammatory cells Recently , it has been shown in macrophages that induction of JE mRNA by y-interferon, but not phorbol esters, is dependent on Na+-HW exchange. 49 To determine whether this pathway was important in the increase in JE mRNA levels produced by PDGF in VSMCs, quiescent VSMCs were incubated in a Na4-free solution (iso-osmotic replacement with 130 mM choline chloride34). Under these conditions, Na+-H+ exchange and the resulting intracellular alkalinization are completely blocked. 34 However, Na+-free medium had no effect on either the constitutive expression of JE mRNA or the elevation in JE mRNA levels by PDGF (Figure 7 levels produced by PDGF (Figure 7) . These results suggest that [Ca>], mobilization is not important in the activation of JE by PDGF in VSMCs. Protein kinase C activation. Activation of protein kinase C plays an important role in the induction of a number of growth-related genes, such as c-fos and C-myc. 18, [51] [52] [53] [54] Both PDGF and Ang II are potent stimulators of protein kinase C. PMA (250 nM), a direct activator of protein kinase C,49 stimulated JE mRNA in rat aortic VSMCs, but at a time significantly later than that seen with PDGF ( Figure 8 ). This delayed activation of JE by phorbol esters is similar to that shown in BALB/c 3T3 fibroblasts.'8 To test whether protein kinase C played a role in the aecumulation of JE mRNA in PDGF-treated cells, VSMCs were pretreated for 24 hours with PDBu. As previously reported,35 this pretreatment decreases cytosolic protein kinase C activity by 80-90% when measured by phosphorylation of histone Ill-S. In addition, it abolishes PMA-stimulated and Ang IIstimulated phosphorylation of the 76,000-d protein kinase C substrate.35 Pretreatment of VSMCs with PDBu completely abolished the rise in JE mRNA levels in response to PMA (Figure 8 ) but had minimal effect on JE in response to PDGF (Figure 8 ), suggesting that protein kinase C was not important in the regulation of JE mRNA by PDGF.
Effects of cAMP levels on JE mRNA. Activation of phospholipase A2 and the resultant increase in cAMP levels have been implicated in cell growth.-5556 It has previously been shown that Ang II alone does not cause a rise in cAMP levels in VSMCs from rat aortic explants.57 To determine whether differential induction of cAMP might be important in distinguishing the response of VSMCs to PDGF and Ang II, cAMP levels were measured in quiescent VSMCs before and after a 30-minute exposure to a variety of agonists. The levels of cAMP in untreated quiescent VSMCs was 5±1 pmol/mg. After exposure to 10% calf serum or PDGF (25 rose to 27±4 and 113±21 pmol/mg, respectively. In contrast, Ang 11 (10`6 M) had no effect on cAMP levels (5±1 pmol/mg). To determine whether this pathway might play a role in regulating JE mRNA, VSMCs were treated with indomethacin. At a dose (10 gM) that blocks the PDGF-induced rise in phospholipase A2 activity,58 and thus the rise in cAMP, indomethacin had no effect on either the constitutive levels of JE mRNA or on its elevation by PDGF ( Figure 9 ). In addition, forskolin, at a dose (2 gM) that causes a 10-fold increase in cAMP levels,35 failed to increase levels of JE mRNA ( Figure 9 ). Isoproterenol (1 tM), which induced a rise in cAMP levels to 611±44 pmol/mg, and dibutyry] cAMP (1 gM) also failed to increase JE mRNA levels (data not shown). (10-5 M) , which block activation of phospholipase A2, and elevation of cAMP levels,58 indomethacin had no effect on the accumulation ofJE mRNA. In addition, concentrations of forskolin that caused a 10-fold increase in cAMP levels35 or high concentrations of dibutyryl cAMP failed to increase JE mRNA levels. These results suggest that the increase in JE mRNA levels by PDGF in VSMCs is not mediated solely through its effects on cAMP. The role of tyrosine phosphorylation in the accumulation of JE mRNA remains to be determined. Insulin and epidermal growth factor also stimulate tyrosine kinases but do not increase JE mRNA levels. Thus, the elevation in JE mRNA levels either requires activation of a PDGF-specific tyrosine kinase or stimulation of a pathway(s) not involving tyrosine phosphorylation. Therefore, JE may be a product of a novel signaling pathway induced by PDGF, but not by Ang II or even epidermal growth factor, and may serve as a marker for PDGF-specific actions on VSMCs.
The The present results demonstrate that there is at least one gene, JE, whose mRNA levels are increased by PDGF but not by Ang II. Given the known function of the JE protein, it would appear that, in addition to having different effects on VSMC growth and migration in cell culture, PDGF and Ang II differ in their ability to stimulate the production of cytokines by VSMCs. This may have important implications for the role(s) these two agents play in vascular pathology. It has recently been shown in a rat arterial injury model that thrombocytopenia inhibits VSMC migration into the intima but does not prevent VSMC proliferation,12 suggesting that PDGF may be necessary for VSMC migration, but not proliferation. The inability of thrombocytopenia to prevent VSMC proliferation may be due in part to the fact that agents other than PDGF that are not released by platelets, such as fibroblast growth factor or Ang II, may be capable of inducing VSMC proliferation in vivo. However, PDGF may be specific in inducing VSMC migration. The present study offers the possibility that, in addition to direct effects on VSMC growth and migration, PDGF may play an early role in the early inflammatory response after vascular injury by inducing chemoattractants, such as that encoded by JE. Additional work is ongoing to determine whether, in fact, the accumulation of JE mRNA in the vessel wall after injury is mediated specifically by PDGF.
